Experimental solubilities are reported for pyrene dissolved in ternary 1-propanol + 1-butanol + cyclohexane, 2-propanol + 1-butanol + cyclohexane, 1-propanol + 2-butanol + cyclohexane, and 2-propanol + 2-butanol + cyclohexane solvent mixtures at 26°C and atmospheric pressure. Nineteen compositions were studied for each of the four solvent systems. Results of these measurements are used to test the predictive ability of the ternary solvent form of the combined NIMS/Redlich-Kister equation. Computations showed that the model predicted the observed solubility behavior to within an overall average absolute deviation of about 1.2%, which is comparable to the experimental uncertainty of (1.5%.
Introduction
Solid-liquid equilibrium data of organic nonelectrolyte systems are becoming increasingly important in the petroleum industry, particularly in light of present trends toward heavier feedstocks and the known carcinogenicity/ mutagenicity of many of the larger polycyclic aromatic compounds. Solubility data for a number of polycyclic aromatic hydrocarbons (i.e., anthracene and pyrene) and heteroatom polynuclear aromatics (i.e., carbazole, dibenzothiophene, and xanthene) have been published in the recent chemical literature. For a listing of references, see refs 1-3. Despite efforts by experimentalists and scientific organizations, both in terms of new experimental measurements and critically evaluated data compilations, there still exist numerous systems for which solubility data are not readily available.
In the present study pyrene solubilities have been measured in four ternary propanol + butanol + cyclohexane systems at (26.0 ( 0.1)°C. Nineteen ternary compositions were studied for each of the four systems. Results of these measurements are used to test the predictive ability of expressions based upon the general mixing model used in deriving the combined NIBS/Redlich-Kister equation. Subsequent studies will interpret the measured pyrene solubilities using both mobile order theory and the Kretschmer-Wiebe association model. Powell et al. 4 and McHale et al. 5 showed that these latter two solution models provided reasonably accurate descriptions for the solubility behavior of pyrene and anthracene in binary alkane + alcohol and alcohol + alcohol solvent mixtures. Neither model has been used to describe solubility in ternary solvent systems.
Experimental Methods
Pyrene (Aldrich, 98%) was recrystallized three times from anhydrous methanol. 1-Propanol (Aldrich, 99+%, anhydrous), 2-propanol (Aldrich, 99+%, anhydrous), 1-butanol (Aldrich, HPLC, 99.8+%), 2-butanol (Aldrich, 99+%, anhydrous), and cyclohexane (Aldrich, HPLC, 99.9+%) were stored over molecular sieves and distilled shortly before use. Gas chromatographic analysis showed solvent purities to be 99.7 mol % or better. Ternary solvent mixtures were prepared by mass, so that compositions could be calculated to 0.0001 mole fraction. The methods of sample equilibration and spectrophotometric analysis are discussed in an earlier paper. 6 Experimental pyrene solubilities in the four propanol + butanol + cyclohexane solvent mixtures are listed in Table 1 . Numerical values represent the average of between four and eight independent determinations, with the measured values being reproducible to within (1.5%.
Results and Discussion
Acree and co-workers 7-9 suggested the combined NIBS/ Redlich-Kister equation for the mathematical representation of isothermal solubility data in binary solvent systems where x°B and x°C refer to the initial mole fraction composition of the binary solvent calculated as if the solute were not present, and (x A sat ) i denotes the measured solute solubility in pure solvent i. The various S i curve-fit parameters can be evaluated with a least-squares analysis. Equation 1 has been shown to provide very accurate mathematical representations of anthracene, pyrene, and carbazole solubilities in a large number of both complexing and noncomplexing solvent mixtures. [1] [2] [3] For a ternary solvent system, the mathematical representation takes the form Recent studies have shown that eq 2 provides reasonably accurate predictions for anthracene solubilities in ternary * To whom correspondence should be addressed. E-mail: acree@unt.edu. Fax: (940) 565-4318.
two alkane + alcohol 10, 11 and alkane + two alcohol [12] [13] [14] solvent mixtures. Such systems exhibit fairly large deviations from solution ideality arising from the self-association of each alcohol cosolvent and, in mixtures containing two alcohol cosolvents, from the formation of heterogeneous hydrogen-bonded chains between dissimilar alcohol molecules.
The predictive ability of eq 2 is summarized in Table 2 for pyrene dissolved in the four propanol + butanol + cyclohexane systems. Published papers [15] [16] [17] have reported the calculated S i parameters for pyrene dissolved in seven of the eight sub-binary solvent systems. Solubility data for the remaining binary solvent system are available in the chemical literature; however, the authors did not use the combined NIBS/Redlich-Kister equation at the time the data were originally published. We have determined the numerical values of the S i parameters for the binary 1-butanol + cyclohexane solvent system by curve fitting the experimental pyrene mole fraction solubility data of Borders et al. 18 in accordance with eq 1. Numerical values of the S i parameters have been tabulated in Table 3 for convenience. Experimental mole fraction solubilities in 1-propanol (x A sat ) 0.004 26), 2-propanol (x A sat ) 0.002 90), 1-butanol (x A sat ) 0.006 22), 2-butanol (x A sat ) 0.004 39), and cyclohexane (x A sat ) 0.011 00) were also taken from the chemical literature. [19] [20] [21] [22] Examination of the numerical entries in Table 2 reveals that eq 2 predicts the solubility of pyrene to within an overall average absolute deviation of 1.2%, which is comparable to the experimental uncertainty of (1.5%. For the four systems studied, eq 2 was found to provide very accurate predictions of the observed solubility behavior.
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where N corresponds to the number of data points for each ternary system. In the present study, solubilities were determined at 19 different ternary solvent compositions. a Combined NIBS/Redlich-Kister curve-fit parameters are ordered as S0, S1, and S2. b Experimental solubility data accurately described without the use of the Si curve-fit parameters.
